Background: Diabetes and vitamin D deficiency are global epidemics. Researchers have long been exploring the role of potentially modifiable factors to manage type 2 diabetes. We conducted a systematic review of prospective studies and randomized controlled trials that involved vitamin D supplementation and specifically intended to study glycemic outcomes related to type 2 diabetes.
Background
Diabetes is now widely prevalent globally [1] . Presently, around 285 million people have diabetes and this number is expected to reach 438 million by the year 2030 [2] . More alarmingly, many people are developing type 2 diabetes early in their lives. Achieving excellent glycemic control is crucial in the management of diabetes as well as preventing the onset of serious and life threatening complications of diabetes [3, 4] . Despite the advances in the diagnosis and management of diabetes, achieving normoglycemia or optimal glycemic control is still considered challenging [5] . This is because care of type 2 diabetes warrants intense life-style adaptations, polypharmacy and insulin centered regimens. Conventional oral anti-diabetic medications are associated with hypoglycemias. Besides, insulin treatment has been linked to poor compliance, weight gain and possibly adverse cardiovascular outcomes. In addition, progressive beta-cell dysfunction and insulin resistance can make antidiabetic agents less effective [6] . Despite large-scale educational campaigns and behavioral interventions, treatment adherence is only around 60% [7] . Moreover, newer anti-diabetic drugs such as incretin analogs and ultra short acting insulin analogs are expensive and hence many patients in the developing world where type 2 diabetes is prevalent cannot afford these medications. Besides, the long-term safety of the newer agents is still being explored. Also, no complete cure has yet been discovered for 2 diabetes.
Given the existence of many such challenges in the management if diabetes, researchers have been exploring the role of modifiable factors to manage type 2 diabetes. Vitamin D insufficiency and deficiency are being increasingly recognized world-wide [8] . Serum 25 (OH) D levels have even been linked to mortality in the general population [9] . Vitamin D level in plasma has been linked to the occurrence of metabolic syndrome and insulin resistance [10] . Though epidemiological studies demonstrate an association between low serum 25(OH) vitamin D and glucose intolerance, intervention trials using vitamin D have produced mixed results [11, 12] . Epidemiological data also suggest a possible link between low vitamin D and diabetic complications such as nephropathy, neuropathy and retinopathy [11] .
Recent observational data reports a beneficial effect of vitamin D on preventing the onset of diabetes [13] . But the potential benefits of vitamin D supplementation on glycemic control are still debated. A meta-analysis in 2012 that included longitudinal studies and randomized controlled trials (RCTs) reported a small improvement on fasting glucose and insulin resistance but no beneficial effect was seen on HbA1c [14] . However, studies included in this meta-analysis were heterogeneous in terms of the study subjects as healthy subjects, and those with impaired fasting glucose or type 2 diabetes were included. Clearly long-term studies were lacking. Further, the dose of supplemental vitamin D and duration of follow-up varied widely across the studies. The number of eligible studies was also small and data on HbA1C, a better marker of glycemic status was available only from four studies. Moreover, many studies did not analyze the effect of all possible confounders. In addition, more studies have been published in the two years since this review [11, [15] [16] [17] [18] [19] [20] [21] [22] [23] . So it is important to update available evidence in this regard.
Aims
Thus we conducted a systematic review of prospective studies and randomized controlled trials that assessed the role of vitamin D supplementation on glycemic outcomes related to type 2 diabetes. The purpose of our review is to synopsize the present knowledge on this topic.
Materials and methods

Selection criteria Inclusion criteria
We considered studies that assessed the effect of vitamin D supplementation on glycemic control with a minimum follow-up period of one month as eligible. Studies had to have more than seventy percent of subjects with type 2 diabetes and be published as a full-text original article. The search was restricted to human studies published in English language. No restrictions were applied regarding geography or gender of the subjects. Eligible studies had to have reported at least one of the following primary outcomes of interest: insulin sensitivity and insulin secretion by homeostasis model assessment (HOMA-IR (insulin resistance) or B (beta-cell function)) and/or hemoglobin A1c (HbA1c).
Exclusion criteria
Review articles, studies done in children and adolescents, studies with lack of longitudinal follow-up, case reports, editorials and studies with follow-up less than 1 month were excluded. We also excluded studies that did not include any therapeutic intervention with vitamin D and studies in which subjects had gestational diabetes, post partum diabetes, diabetic nephropathy, type 1 diabetes and prediabetes. Studies that assessed incident diabetes as the primary outcome and studies in which patients had no diabetes were also excluded. If there were more than one publication from the same group and had similar interventions, the study with the maximum duration of follow-up and number of subjects was included [22] .
We used the Preferred Reporting Items for Systematic Reviews and Meta-analyses statement to guide the reporting of this systematic review [24] .
Search strategy
Two authors conducted the literature search independently. Systematic searches of MEDLINE and EMBASE were conducted from inception to July 31, 2014. The main aim was to identify randomized controlled trials that assessed the effect of vitamin D supplementation on glycemic control in patients with type 2 diabetes. The search strategy is outlined in Figure 1 .
The search strategy used diabetes and vitamin D related search terms with glycemic control related search terms using a Boolean operator "AND". The keywords and Medical Subject Headings were: (("vitamin D" OR "cholecalciferol" OR "vitamin D3" OR "vitamin D2" OR "calcitriol" OR "ergocalciferol" OR "one-alpha-hydroxycholecalciferol" OR "doxercalciferol" OR "alphacalcidol" OR "alfacalcidol") AND ("diabetes" OR "T2DM" OR "hyperglycemia" OR "hyperglycaemia" OR "dysglycemia" OR "diabetes mellitus" OR "diabetic") AND ("glycemic control" OR "glycemic" OR "HbA1c" OR "control" OR "insulin sensitivity" OR "beta cell function" OR "euglycemia" OR "insulin resistance" OR "insulin" OR "HOMA" OR "fasting glucose" OR "FBS" OR "post prandial" OR "insulin secretion" OR "interventional" OR "insulin sensitivity" OR "glucose" OR "glucose homeostasis" OR "glycaemic control" OR "glucose tolerance" OR "effects" OR "changes")) NOT (("pregnancy" OR "gestational" OR "gestational diabetes") OR ("associations" OR "association") OR ("type-1 diabetes" OR "T1DM" OR "type 1 diabetes" OR "diabetes type 1" OR "children" OR "adolescents") OR ("pre diabetes" OR "pre-diabetes" OR "prediabetes") OR ("meta-analysis") OR ("polycystic") OR ("healthy" OR "nondiabetic")).
We screened the reference lists of the eligible primary studies, narrative and systematic reviews so as to identify other candidate studies. Two authors independently assessed all retrieved records on titles and abstracts. Disagreements were resolved by discussion. If required, a third independent author was consulted to reach consensus. We aligned our final choice on the assessment of the full-text articles by two independent authors. A study was included if the earlier described inclusion criteria were fulfilled. Two authors independently extracted data from the selected studies. Data on study characteristics such as the number of patients, study design, country of origin, mean age, and use of vitamin D, and were collected whenever available. Information on baseline HbA1c, 25-OH-vitamin D levels, and homeostasis model assessment index of beta cell function (HOMA-B) and insulin resistance (HOMA-IR) and longitudinal change in all these parameters were also extracted whenever possible. HOMA-B and HOMA-IR are able to provide estimates of steady state beta cell function and insulin sensitivity and these are derived as percentages of a normal reference population. Studies with more than 3 months of follow-up were considered as longterm studies and those with a follow-up of three months or less were considered as short-term studies.
Quality assessment
We used the Newcastle-Ottawa Scale to address the quality of the eligible studies and the Jadad scale to assess the quality of the RCTs [25, 26] . The Newcastle-Ottawa Scale employs a star scoring system to judge the study aspects including comparability, selection of groups, and assessment of the outcome of interest. The quality of the definition of selection groups is graded from 0-4, comparability from 0-2 and ascertainment of exposures and outcomes from 0-3. Higher points indicate that the study has good quality. Two authors conducted the quality assessment independently and disagreements were discussed until a consensus was reached.
Results
The search strategy is shown in Figure 1 . Studies with more than 3 months of follow-up were considered as long-term studies and those with a follow-up of three months or less were considered as short-term studies. Sixteen studies were short-term studies. The remaining studies were long -term studies with follow up ranging from sixteen weeks to 18 months. There were two publications from the same research group based in Iran and hence the study with the maximum duration of followup, compete data and maximum number of subjects were included [22] . We identified twenty-four studies including 17 RCTs and 7 longitudinal studies as eligible based on the pre-defined inclusion -exclusion criteria [11, [15] [16] [17] [18] [19] [20] [21] [22] [23] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Half of the studies were (13/24) conducted in Caucasians.
Clinical and biochemical characteristics of the short-term studies
There were 16 short term-studies and 13 amongst them were randomized controlled trials. Data are shown in Table 1 . The sample size ranged from 10-119. One study had included only women [27] . Most studies used oral cholecalciferol as supplemental vitamin D. The dose of cholecalciferol ranged from 400 IU to 5600 daily or 60, 000 IU weekly. Calcitriol, the active form of vitamin D was used in three studies [18, 37] . Vitamin D2 was used in one study [33] . A single dose intramuscular injection of vitamin D3 was used in three studies [21, 28, 29] . None of the studies had used doxercalciferol or alphacalcidol.
Fourteen studies had assessed change in HbA1c over time after vitamin D supplementation. The study that had used calcitriol had the largest sample size (n = 119) and the results suggested a significant improvement in mean HBa1c after eight weeks from 8.4 to 7.1 [18] . Conversely the second study that had used calcitriol, found a paradoxical rise in HbA1c. But the sample size was smaller in this RCT (n = 35 in each group). However, authors noted that the use of calcitriol was associated with improvements in insulin secretion [37] . Of the remaining studies that had used cholecalciferol and assessed change in HbA1c over time, five studies found significant improvement in HbA1C at three months [22, 23, 30, 35, 39] . In the RCT conducted by Soric et al., patients with higher baseline HbA1c had a significantly greater reduction in HbA1C after 12 weeks [30] . Similarly, in the RCT conducted by Sugden et al., HOMA parameters significantly improved though HbA1c remained constant [33] . However, in the RCT that used a single intramuscular injection of vitamin D, HbA1c and HOMA-IR remained stable despite correction of low vitamin D status [21] . Similar lack of improvement in HbA1c and HOMA-IR were noted in the RCT conducted by Witham and colleagues. In this study, a large single dose of vitamin D3 was used [29] . Of particular note, one study that used hyperinsulinemic euglycemic clamp technique found that insulin sensitivity and HbA1c did not improve significantly [40] . In summary, ten short-term studies found improvement in HbA1c, HOMA-B and HOMA-IR though only four studies had analyzed all three outcomes [19, 22, 37] . QUICKI, an index of insulin sensitivity was shown to improve at 12 weeks in another RCT [23, 39] . Certain parameters such as glycemic control and serum vitamin D levels may have affected the response in glycemic parameters. For instance, in one RCT, HbA1c improvement was noted only in subjects who had a baseline HbA1c greater than 9% [30] . Similarly, in the RCT conducted by Sugden et al., HOMA parameters significantly improved in patients who had a 25-OHvitamin D increase of 11 nmol/l or more [33] .
Clinical and biochemical characteristics of the long-term studies
There were nine studies identified as long-term studies. Six of them were RCTs. Data are shown in Table 2 . Various studies had a sample size ranging from 22-204 and the duration of follow-up ranged from four to eighteen months. Eight studies had assessed the change in HbA1c over time after vitamin D supplementation. Most studies used oral cholecalciferol for supplementation. The dose of cholecalciferol ranged from 400-5700 IU daily to 40, 000 IU monthly. Calcitriol and vitamin D2 were not used in any of the long-term studies. A single dose intramuscular injection of vitamin D3 was used in two studies [29, 38] . Only three studies had a follow up period beyond six months. Contrary to the results of the short-term studies, fewer long-term studies observed improvement in HbA1c [16, 20, 38] . Two studies that had a 4-month follow-up did not find any improvement in HOMA parameters or HbA1c [29, 34] . Among the four studies with a follow up of six months, one study that used a higher supplementary dose of 40,000 IU per week observed that glycaemic control did not improve in subjects with normal serum 25-hydroxyvitamin D levels [32] . Conversely, another study that used a single high dose of intramuscular vitamin D, reported significant improvements in HOMA-IR after six months [38] . The study from Saudi Arabia had the longest follow up of 18 months and noted that HOMA-B improved over that period [20] . The beneficial effect was more pronounced in women than men. Interestingly the serum vitamin D levels were in the suboptimal range despite all subjects taking 2000 IU vitamin D daily [20] . HOMA parameters showed improvement only in two studies [20, 38] . However HOMA measures remained stable in the remaining five studies in which this was assessed [15, 17, 29, 32, 34] .
Quality assessment
According to the Jadad scale, seven RCTs (11/17) included in this systematic review were of relatively high quality (Jadad score ≥3) and details are shown in Table 3 . The quality assessment of the longitudinal cohort studies is presented in Table 4 .
Discussion
This systematic review summarizes the most recent advances in our knowledge of evidence on how vitamin D supplementation affects glycemic parameters in patients with type 2 diabetes. There have not been many systematic reviews or meta-analyses on this topic [14, 42, 43] . Past narrative reviews have primarily focused on data obtained from preventive trials and observational studies [44] . We found 24 eligible studies out of which 17 were RCTs. Results of the various short-term studies included in this systematic review suggested that vitamin D supplementation had a positive impact on glycemic control and metabolic parameters such as insulin resistance and beta cell dysfunction. However, the evidence is weak due to the low methodological quality of the studies. Further, we found that there was no significant effect on HbA1c, beta cell function and insulin resistance based on the results of the long term studies that had an intervention period beyond three months. Only three long-term studies demonstrated a favorable profile but two of them were of inferior quality when compared to the remaining RCTs that demonstrated a lack of significant effect on glycemic parameters [16, 20] . We also observed a lot of heterogeneity in the methodology of the studies (short term trials versus long term studies), inclusion criteria, supplementation of vitamin D (oral dose versus. intramuscular, ergocalciferol versus calcitriol or cholecalciferol) and the duration of follow up. Clearly there is a need for properly designed good quality RCTs with long term follow up to assess the potential beneficial effect of vitamin D supplementation in glycemic control, beta cell function and insulin resistance.
Our systematic review updates the findings of the previous meta-analyses. Our conclusions are similar to that of a recent meta-analysis [39] . But our review is more selective and detailed since we had focused specifically on intervention studies in patients with type 2 diabetes [39] . The meta-analysis by Seida et al. was different from our review in many ways [42] . Their meta-analysis may have missed out on some important studies due to the exclusion of non-RCT longitudinal studies [16, [18] [19] [20] 35] . They had also excluded studies in which synthetic vitamin D preparations or vitamin D2 were used. All the RCTs involved in this meta-analysis had sample sizes less than 50. In addition, some trials included in this meta-analysis had not studied vitamin D related glycemic outcomes as their primary analysis [23, 36] . Our systematic review included 24 studies including 17 RCTs where as the meta-analysis by Seida et al. assessed data from 15 RCTs and the sample size for the pooled analysis was much smaller [42] . Nevertheless our conclusions are similar and further strengthen their conclusions that vitaminD3 supplementation might not decrease insulin resistance and hyperglycemia in patients with established type 2 diabetes. Similarly, another recent meta-analysis published in 2012 concluded that there was insufficient evidence to support a beneficial role of vitamin D on hyperglycaemia or insulin resistance [14] . However, this meta-analysis was conducted by pooling data from patients with normal glucose tolerance, impaired glucose tolerance and type 2 diabetes [29, 33, [45] [46] [47] . Also the literature search was restricted to March 2011 and hence they could only capture very limited number of studies. Many RCTs have been conducted since then and hence our systematic review contains more recent information. In a meta-analysis involving 328 patients and 6 RCTs, vitamin D supplementation was shown to improve HbA1c but failed to show any improvement in other parameters such as fasting blood glucose, quantitative insulin sensitivity check index (QUICKI), HOMA-B, and HOMA-IR [43] .
Several possible explanations exist for the lack of beneficial effect of vitamin D on metabolic outcomes In addition, the included subjects in some studies were treated with metformin and/or insulin, which might have masked the positive effects of vitamin D [23, 32] . Next, only one study had used the gold-standard method of hyperglycemic clamp (for insulin secretion or sensitivity), but no significant association was noted [40] . The strengths and limitations of this systematic review need mention. Although we performed a comprehensive search of electronic literature some studies could exist that have not been included. Other limitations of our study are based on the quality and methodological flaws of the included studies as well as the lack of availability of sufficient information from eligible studies. First, detailed information about confounding factors such as ethnicity, physical activity, baseline HbA1c, body mass index, obesity, sun exposure, seasonal changes in vitamin D, dietary vitamin D intake, calcium intake, vitamin D receptor polymorphisms, baseline vitamin D status, and compliance with vitamin D supplements that could influence the response of vitamin D was not available in all of the included studies [49] . Data was also lacking regarding the compliance with supplements and possible gender differences in metabolic effects. Second, almost all studies assessed insulin secretion and resistance based on HOMA related parameters that are not as [23, 37] . Lack of statistical analysis limits our ability to make a single conclusion from different studies. Finally, the included studies were conducted mostly in Caucasians making the results less generalizable to other racial groups. Our systematic review has several strengths. This review is based on an up to date literature search represents the most extensive review on this topic so far. The eligible studies were either RCTs or longitudinal studies. Most studies had prospective designs, adding more strength to our results. The data were extracted from well-reviewed studies using a comprehensive literature search. We relied on duplicate independent judgment and there was sufficient inter-observer agreement. The extensive review shows that the evidence is not of good quality, mainly because of the many methodological limitations of the included studies. Our systematic review underscores the need for future studies given that both vitamin D deficiency and diabetes are conditions with huge public health concern worldwide.
Conclusions
Based on our critical review, we conclude that currently available evidence based on randomized controlled trials and longitudinal studies suggest that vitamin D supplementation might not improve hyperglycemia, beta cell secretion or insulin sensitivity in patients with established type 2 diabetes. This shows that the pathogenetic and therapeutic role of vitamin D in glucose metabolism is still unclear. Experimental studies as well as large scale RCTs with good study design, optimal vitamin D supplementation and long-term follow up are needed on this topic.
